Abstract >> This paper presents a research about free piston linear engine (FPLE) fueled with hydrogen, in which, the numerical models are built to simulate the operation during the full stroke of the engine. Dynamic model, linear alternator model and thermodynamic model are used as the numerical models to predict piston velocity, in-cylinder pressure and electric power of FPLE. The spark timing and air gap length are changed to provide information for the prediction. Beside, the heat transfer problem is also investigated in the paper. The results of research are divided by two parts, including motoring mode and firing mode. The result of motoring mode showed that there is validation between simulation and experiment for volume and pressure in cylinder. For firing mode, by increasing spark timing, the velocity of piston, peak pressure and electric power also increase respectively. Beside, when increasing air gap length, the electric power increases accordingly while the motion of piston is not symmetric. The effect of heat transfer also observed clearly by reducing of the peak pressure, velocity of piston and electric power.
Introduction
A free piston linear engine (FPLE) is a crankless internal combustion engine with free motion of piston in cylinder. The engine is the combination of two main components: one is the free piston engine, and another is the linear alternator. In this engine, the motion of piston is determined by the interaction of forces from the combustion chamber gases, rebound device (e.g a spring) and load device (e.g a linear alternator). The advantage of FPLE is a simple structure with a few moving parts, thus it allows to reduce the frictional losses. Unlike the conventional engines with crankshaft mechanism, the FPLE can optimize the combustion process through the variable compression ratios. In other part, the variation of compression ratio in FPLE also allows the engine to operate with multi-fuel. One of fuels used in FPLE is hydrogen which is considered an environmentally friendly fuel and likely will displace fossil fuels in the future. Jakob Fredriksson 1) studied a free piston engine with four kinds of fuel such as diesel, hydrogen, gasoline and natural gas.
One of the studied results showed that, the hydrogen case showed a higher efficiency than the gasoline case, although its compression ratio is somewhat lower. In general, the FPLE is classified into three . The type of single piston has a simple design with high controllability compared to the other free piston engine, however the dynamic balance is not good due to it only has one piston. In case of four piston engine, the perfectly balanced design is the main advantage of this engine, however it also makes the engine complicated. For dual piston engine, the working piston provides the work to drive the compression process in the other cylinder, it allows a simple device with higher power/weight ratio 3) . However, the free motion of dual piston in the cylinder will The first component is the free piston engine which contains dual piston or opposed-piston connected by connecting rod system. In the engine, the spark plug is arranged at each cylinder head to ignite hydrogen-air mixture. There are two intake ports and one exhaust port around circumference at the bottom of each cylinder.
System Components and Operating Principle
Compressor is arranged at two sides from free piston engine to increase intake pressure to cylinder 5) . Each When the system starts to operate, the linear alternator will operate as the beginning device to drive free piston engine through connecting rod system, it is called motoring mode. After certain frequencies, the combustion process will occur alternatively at each cylinder, forcing connecting rod to move back and forth. The movement of connecting rod will generate the current in the winding due to the magnetic flux linked with winding in stator is changed, and this is called firing mode or generator mode. 
Dynamic model
The forces applied on the linear engine are expressed through a free body diagram as Fig. 2 .
The dynamic model is described by equation that obeys Newton's second law:
The velocity and position of translator can be found by equations:
Linear alternator model
The schematic of the linear alternator including stator and translator is described in Fig. 3 . The air gap is the space between stator and translator. Base on the .
The permanent magnet which mounted on translator creates a magneto motive force (MMF) in the air gap between the stator and translator. Base on the description in Fig. 4 , the MMF can be obtained: :
Finally, the mean value of the MMF can be written as below:
The flux density in the air gap is calculated by equation:
The flux contained in the differential element dxs is calculated by equation:
Combine the equation (10) 
The electromagnetic force which contained in equation (1) is determined by equation: 
Thermodynamic model
Thermodynamic model is described by processes such as compression, combustion, expansion and scavenging.
In which, the scavenging is assumed as a perfect process.
The compression process is calculated between the time when exhaust port is closed and when the spark occurs. In the analysis, compression process is assumed to obey a polytropic equation. The pressure during compression process is given as follow:
The combustion process is assumed to occur immediately after the spark occurs, which means that the ignition delay is ignored. The pressure in the combustion process is calculated as follow:
The heat release rate dQ in /dt is calculated when the mass fraction burned is known. The mass fraction burned can be found through the Wiebe function. The
Wiebe function is usually used to calculate the mass fraction burned versus crank angle for crankshaft engine.
Because the FPLE has no crankshaft, the mass fraction burned is calculated as a function of time
Where, a and m are adjustable parameter (according to Heywood 9) , a=5, m=2), t0 is the start of com- The expansion process is given from the end of combustion process until the exhaust port opens. The process is also assumed to obey a polytropic equation: 
Results and Discussion
The models mentioned above ware calculated by a Fortran program based on simulation parameters listed in Table 1 . These parameters are chosen base on operated conditions and specifications of actual FPLE.
Motoring mode
In order to validate simulation process as well as make a base for next steps in the simulation, comparing between simulation and experiment at motoring mode is necessary. Fig. 5 describes the results of volume and pressure in the cylinder versus time at the same condition of intake pressure (Pin=1.1bar) and intake temperature (Tin=300K). The results show that, there is no significant variation between experiment and simulation result.
As mentioned before, the motoring mode would be maintained in FPLE until the combustion process occurs at each cylinder, it's mean that the firing mode was formed immediately after the end of motoring mode. Therefore, the motoring mode plays an important role in simulation at the next mode as well as choice input parameters.
Firing mode

The effect of spark timing
The spark timing is determined by position of piston before cylinder head that a spark will occur in the combustion chamber. Adjusting spark timing will effect to operation of the engine because it relates directly to combustion process of fuel. Especially, in regard to hydrogen fuel, adjusting spark timing will be sensitive because the burning speed of hydrogen is very high compared with those for other fuels 10) . By increasing spark timing or decreasing ignition positions before cylinder head from 13 mm to 11 mm, the maximum velocity of piston is increase respectively. This is because the heat release occurs after TDC, (according to the Wiebe function) while spark timing occurs before TDC. Therefore, when increasing spark timing, the heat release converted to expansion work is increased and it makes the velocity of piston increasing. It can be seen that, the variation of maximum velocity in the forward and backward stroke is increased when the air gap length is decreased, especially at the air gap length equal 1.5 mm. This is because when decreasing air gap length from 2.5 mm to 1.5 mm, the electric force increases accordingly. As the result, the velocity of piston and displacement in positive direction at forward stroke will decrease. This lead to heat release in the expansion process of right cylinder is larger, therefore the velocity of piston in backward stroke is When the air gap length is increased, the electric power decreases respectively due to the decrease of electric force. However, the peak pressure in right cylinder increases when the air gap length is increased. This is due to the displacement of piston in positive direction increases as shown in Fig. 8 .
The effect of heat transfer
The effect of heat transfer on the velocity of piston is described in Fig. 10 .
It can be found that, the maximum velocity of piston is decreased when the heat transfer problem is added in the simulation. This is simply because heat release lead to decreasing of in-cylinder pressure. As the result, the maximum velocity is decreased. Fig. 11 illustrates the effect of heat transfer on electric power and peak pressure at different equivalent ratios. By increasing the equivalent ratio, the electric power and peak pressure is increased for both without transfer and with transfer.
Comparing between heat transfer and without transfer shows that, both electric power and peak pressure in case of heat transfer are smaller than those of without heat transfer. E.F Shoukry 11) found that by eliminating the heat transfer, the in-cylinder pressure and the velocity of piston were also increase. He also found that the heat transfer was about 22 to 26% of the total power.
Conclusion
This paper presented the simulation of FPLE through the combination of three models, dynamic model, linear alternator model and thermodynamic model. The simulation results shows that 1) By increasing spark timing or decreasing ignition position which is distance between piston and cylinder head, the maximum velocity, electric power and peak pressure increase accordingly.
2) When the air gap length increases, the electric power is decreased. Beside, by increasing the air gap length, the velocity of piston has the trend to balance better.
3) The maximum velocity, electric power and peak pressure is decreased when the heat transfer is calculated.
